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Technological advancements including an open-cylindrical Penning trap with capacitively
coupled ICR cell, selective ion accumulation with a resolving quadrupole, and a voltage
gradient used during ion extraction from an octopole ion trap, have individually improved
dynamic range and sensitivity in Fourier Transform Ion Cyclotron Resonance Mass Spectro-
metry (FT-ICR MS). Documented here is a new instrument utilizing these technologies toward
the robust detection and fragmentation of biomolecules 10 kDa. Up to 55-fold enhancement
in ion population by selective ion accumulation combined with 10- to 20- fold signal-to-noise
improvement by application of a DC voltage gradient to an accumulation octopole during the
ion transfer event offers improved signal-to-noise (or speed) of MS/MS experiments, for
proteins from Methanococcus jannaschii and Saccharomyces cerevisiae whole cell lysates. After
external quadrupole filtering with a 40 m/z window, three proteins were fragmented (and
identified) in parallel from the database of Methanococcus jannaschii. Electron capture dissoci-
ation (ECD) of an intact yeast protein provides extensive sequence information resulting in a
high degree of localization for an N-terminal acetylation. Hybrid fragmentation, infrared
multiphoton dissociation (IRMPD) followed by low energy electrons (ECD), with the electron
source located laterally off the z-axis and external to the magnet bore, presents a strategy for
identification of proteins by means of the sequence tag approach. Automated implementation
of diverse MSn approaches in a Q-FTMS instrument promises to help realize “top-down”
proteomics in the future. (J Am Soc Mass Spectrom 2004, 15, 1099–1108) © 2004 American
Society for Mass SpectrometryMass spectrometers with increasing resolvingpower and sensitivity have been devised overthe past 20 years to analyze ions created by
electrospray ionization (ESI) [1] and matrix-assisted
laser desorption ionization (MALDI) [2], as recently
reviewed [3]. Since its introduction in late 1973, Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) has emerged as a performance leader with
illustrations of low attomole sensitivity for proteins [4],
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doi:10.1016/j.jasms.2004.04.0318 106 resolving power at 8.6 kDa [5], MS/MS above 10
kDa [6], and measurement of thousands of components
as a complex mixture [7, 8].
In the mid- to late 1990s, major performance boosts
for FT-ICR MS resulted from access to higher magnetic
field [9, 10]. Additional advances included external ion
accumulation [11], insertion of an external quadrupole
for mass selection prior to ion accumulation and detec-
tion [12–14], and application of a dc voltage gradient
to facilitate ion transfer to the ICR cell [12, 15].
Dissociation techniques such as collision-assisted dis-
sociation (CAD) [16], infrared multiphoton dissocia-
tion (IRMPD) [17], and electron capture dissociation
(ECD) [18] can provide extensive backbone bond
cleavage for proteins [19] and DNA oligomers [20] forr Inc. Received February 16, 2004
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down” fashion [21, 22].
Here we describe the design and characterization of
a quadrupole/FT-ICR mass spectrometer hybrid (Q-
FTMS), incorporating an external quadrupole mass
filter [12–14] with a 9.4 tesla actively-shielded magnet, a
dc gradient external accumulation octopole [15], and an
open-ended capacitively coupled cylindrical cell di-
vided axially into five segments. These features allow
for order-of-magnitude increases in dynamic range or
experimental speed during top-down sequence analysis
of intact proteins from Methanococcus jannaschii and
Saccharomyces cerevisiae. Also, a dispenser cathode dis-
placed from the magnetic field (z-) axis for sequential
IRMPD and ECD facilitates hybrid MS3 fragmentation
modes applied to gas-phase dissociation of intact pro-
teins.
Experimental
The Q-FTMS instrument, which was constructed at the
National High Magnetic Field Laboratory (NHMFL),
was designed to incorporate a Bruker (Billerica, MA) 9.4
tesla (T) actively shielded magnet. The system design
was based largely upon a 9.4 T passively shielded
instrument described previously [11, 13]. The vacuum
system design layout, created in AutoCAD 2000 (Auto-
Desk, San Rafael, CA), is shown schematically in Figure 1.
The experimental event sequence, shown in Figure
2a, is controlled by a MIDAS data station [23]. Ions are
accumulated [11] in an 18 cm octopole (1.5 MHz at 500
Vp-p, 10 V dc offset) after traversing through the
quadrupole (ABB Extrel trifilter (Pittsburgh, PA), 20 cm
long  9.5 mm diameter rods, controlled by a 1.2 MHz
300 Watt QC150 RF power supply, 25 V offset) in
either rf-only or mass selection mode. Nitrogen or
helium gas (1 mTorr) facilitates accumulation in this
region. For improved transmission through the quad-
rupole, ions are collisionally axialized in a 20 cm
octopole (1.5 MHz at 500 V , 10 V dc offset at 1
Figure 1. Schematic representation of the qua
hybrid mass spectrometer designed for versatile
m/z-selective ion accumulation external to the sup-pmTorr, located behind the skimmer) for 100 ms prior to
transfer through the quadrupole. The transfer is then
repeated (see Figure 2) as necessary to accumulate the
desired ion population. A DC voltage gradient in the
accumulation octopole, generated by applying a dc
potential of 40-100 V to angled wires placed between
adjacent rods of the accumulation octopole, enhances
the transfer efficiency of ions into the ICR cell by an
order of magnitude [15]. The ICR cell is an open-ended
cylinder (38 cm long, 7 cm i.d.) and is divided axially
into five segments. The inner trapping electrodes are
capacitively coupled (10 nF capacitors and 10 K resis-
tors, with connections outside the vacuum chamber) to
the central excitation electrodes [24]. Differential pump-
ing for the vacuum system is accomplished by a variety
of roughing and ultrahigh vacuum pumps with ulti-
mate base pressure less than 1.0  109 Torr at the ICR
cell.
For MS/MS or MSn experiments, IRMPD, collisional
dissociation in the accumulation region [25, 26], and/or
ECD were used. Modified event sequences for octopole
dissociation and IRMPD (or ECD) are shown in Figure
2b and c, respectively. For ECD, a dispenser cathode
source of low energy electrons (HeatWave Labs,
Watsonville, CA) [27] is mounted 20 cm outside the
magnet bore and displaced laterally by 1.5 cm from the
z-axis to allow the IR beam from a 75 Watt (10.6 m)
CO2 laser (Synrad Inc., Mukilteo, WA) to pass on-axis.
For optimal electron capture (at 2.5 V on all trapping
electrodes), the cathode was heated to 1000 °C and
biased at 2.75 V to induce an electron current of80 nA
through the cell (measured on conductance limit 5). A
grid potential is cycled from 10 V to 10 V to
accelerate electrons to the cell. The typical irradiation
period was 5–100 ms. Dissociation in the accumulation
region was induced by dropping the axial dc offset of
the accumulation octopole to 25 V (at static pres-
sure) during the transfer event from the first octopole.
In MS/MS/MS experiments, either CAD or IRMPD was
ole/Fourier transform ion cyclotron resonance
MS and improved dynamic range by means of
onducting magnet bore.drup
MS/
perc
ing a
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then ECD.
Experimental mass peaks lists, generated by a mod-
ified version of the THRASH algorithm [29], were
analyzed for b, y, c, and z ions and sequence tag
information [30, 31] derived either by hand or with
custom software for database retrieval and protein
characterization available at http://prosightptm.scs.ui-
uc.edu/ [32]. The probability scores reported are with
50 ppm fragment ion tolerance, to accommodate exter-
nally calibrated ions, with a 1000 Da search window
around the candidate protein mass to accommodate
shifts associated with post-translational modifications.
The theoretical masses for b/y and c/z fragment ions
were calculated by the Ion Predictor program available in
the Prosight PTM software and database suite [32]. Mass
accuracies for all data are external calibration based on
bovine ubiquitin except where system performance is
evaluated, in which case internal calibration is performed.
The italicized number located after the reported Mr indi-
cates the mass difference between the reported isotopic
peak and the monoisotopic value (in units of 1.00235).
Bovine ubiquitin was obtained from Sigma Aldrich
[St. Louis, MO] and dissolved in a 78:20:2 CH3CN:H2O:
CH3COOH electrospray solution to a concentration of
1 M. Protein samples from Methanococcus jannaschii
[33] and Saccharomyces cerevisiae (yeast) were produced
by two dimensional fractionation of cell lysates by
continuous-elution gel electrophoresis (PAGE) with an
acid-labile surfactant (ALS) added to facilitate subse-
quent reversed-phase liquid chromatography (RPLC)
Figure 2. (a) Experimental event sequence for t
the focusing octopole, transported through the
the accumulation octopole, and finally transp
Lowering the axial offset of the accumulation oc
(versus 10 V during normal accumulation) in
occur during the delay between the gated trapp[34]. These ALS-PAGE/RPLC fractions were resus-
pended in electrospray solution and analyzed with the
Q-FTMS described above.
Results and Discussion
Instrument Baseline Performance
The functionality and performance of ESI-FTMS at
magnetic fields above 7 Tesla has been well docu-
mented [5, 8–11, 23, 35, 36]. Figure 3a reflects the
performance of the new instrument for bovine ubiquitin
(8.5 kDa). Multiple charge states are observed with a
base peak S/N ratio of 851 for a single scan (1 M
solution, 2 s accumulation and 0.3 L/min flow rate).
Accurate isotopic distribution at a resolving power,
m/m50% 	 112,000 (in which m50% is the magnitude-
mode FT-ICR mass spectral peak full width at half-
maximum height) resulted in an average mass accuracy
to within 1.5 ppm for the charge states shown.
External Capacitive Coupling
Reduction of axial ejection from the ICR cell results in a
12 and 2 sensitivity enhancement at 0.5 V and 2.5 V
trapping potentials, respectively, for multiple charge
states of bovine ubiquitin (Figure 3b). As expected,
capacitive coupling gives the greatest improvement in
S/N ratio for ions of lower m/z [37]. The integrated
(over all charge states) signal for the coupled cell at 0.5
V trapping voltage is comparable to that for the non-
-FTMS hybrid. Ions are collisionally axialized in
rupole (rf-only or rf/dc mode), accumulated in
to the cell for excitation and detection. (b)
le to 25 V during the ion accumulation step
s collisional dissociation. (c) IRMPD and ECD
nd excitation events.he Q
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1102 PATRIE ET AL. J Am Soc Mass Spectrom 2004, 15, 1099–1108coupled signal at 2.5 V trapping voltage. The data shows
that at lower trap potentials the ICR detection is limited by
axial ejection and thus a capacitively coupled cell will
have a lower detection limit ultimately extending its
dynamic range. The improvement at lower trapping
voltage is beneficial for large biomolecule analysis
because high electrostatic trapping potentials can cause
closely spaced isotopic peaks to coalesce [38–41].
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650 is consistent with standard quadrupole perfor-
mance. Overall transmission efficiency is consistent
with results in Figure 4 which shows the absolute signal
level for the 11 charge state of ubiquitin versus the
mass selection window size (m/z). A 2 fold difference
in signal exists between the (m/z) 	 5 and (m/z) 	 60
mass selection windows; however, the signal magni-
tude quickly drops for window size below m/z 	 5.
The increased signal measured for the larger (m/z)
windows versus that observed in the broadband spec-
trum is consistent with samples high in complexity (i.e.,
chemical noise) and/or S/N. For example, a complex
RPLC sample of Methanococcus jannaschii proteins was
collected and interrogated with the quadrupole in ad-
jacent (m/z) 	 40 segments (14 segments total) result-
ing in an average 24-fold increase in S/N for proteins
(ranging from 4 to200-fold) compared to the standard
ESI/FTMS configuration for a single scan. For one such
(m/z) 	 40 window, a 55-fold S/N enhancement
reveals more than three times as many isotopic clusters
for proteins ranging from 7 to 21 kDa (Figure 5a versus
5b). A total of 22.6 min was required to sample the
intact spectrum in 40 m/z segments (as opposed to 3.1
min for the standard experiment, 50 scans); however,
with S/N improvements associated with the quadru-
pole experiment it would require575 scans (35 min) to
achieve similar results from the intact spectrum. The
improved dynamic range associated by segmenting the
intact spectrum of complex samples is attributed to a
reduced ion population in the storage octopole, allow-
ing for more efficient accumulation per unit time for
ions of interest as well as reduced multipole fragmen-
tation associated with high ion population [42, 43].
Also, lowering the charge density within the cell (attrib-
uted primarily to suppression effects from electrospray
when accumulating in the broadband mode) can in-
crease observed S/N (for long detection periods) by
reducing Coulombic interaction between ion clouds
resulting in damping of the coherent cyclotron motion
[38, 44].
Figure 4. Transmission for the mass selected 11 charge state of
bovine ubiquitin as a function of the mass selection window size.Effect of DC Gradient during Ion Extraction from
a Multipole Storage Device
Application of a dc voltage to angled wires positioned
between adjacent rods of the accumulation octopole
generates an axial potential gradient throughout the
octopole and improves the efficiency of subsequent
capture and trapping in the ICR cell by about an order
of magnitude [15]. This observation is shown for mass
selected ions for which a ten-fold increase in S/N ratio
is achieved for mass-selected 18 charge state myoglo-
bin ions, Figure 3d (middle). Conversely, an FT-ICR
mass spectrum of a given signal-to-noise ratio may be
obtained with 10-fold fewer ions (and thus corre-
spondingly shorter external ion accumulation period).
For optimal sensitivity of mass-selected 13 and 7
ions of ubiquitin, we observe a 300 s difference in
ion transfer time from the accumulation octopole to the
cell. That result agrees with theoretical simulations that
predict increased mass discrimination arising from vari-
ation in the ejection profile for ions initially located at
different axial positions the storage octopole [15], as
well as variation in time-of-flight from the octopole to
the ICR cell.
S/N Improvement for Mass-Selected Ions in a Five-
Segment ICR Cell
Application of a 7 V dc voltage to the outermost
trapping electrodes during the gated trapping event
increases FT-ICR MS S/N ratio by a factor of 5 with
respect to grounded outer electrodes. Collision gas
present in the cell (1  108 torr; 3 s pump down)
improved S/N to 10-fold, Figure 3d (top) during
gated trapping with the outer electrodes. Thus, the
outer trapping electrodes allow for increased trapping
efficiency whereas the collision gas improved detection
efficiency by damping the z-axis trapping motion to the
center of the cell. Peak splitting and frequency shifts
were observed if the outer trapping electrode dc volt-
ages were not lowered to at least that of the inner
trapping potentials prior to detection (no pulsed gas;
data not shown).
Protein Fragmentation and Identification in
Parallel with Notch-Selected Protein Ions
For one of the (m/z) 	 40 quadrupole mass-selected
segments described above, the spectrum (Figure 5c)
revealed 7 quasimolecular species with Mr values from
17–39 kDa. Subsequent fragmentation of all proteins
present in the 880  m/z  920 segment resulted in a
spectrum (Figure 5d) with 206 distinct fragments. Entry
of those fragment masses into the Retriever algorithm of
ProSight PTM [32] yields three high scoring proteins
with 6, 5, and 10 b/y ions matching three 50S ribosomal
proteins (15 ppm): MJ0543, MJ0471, and MJ0472, with
N-terminal methionine loss observed for the first two.
No further identifications with Pscores 0.01 (99%
1104 PATRIE ET AL. J Am Soc Mass Spectrom 2004, 15, 1099–1108confidence) could be made. Stepwise progression
through a given spectrum of intact proteins could
serve to identify most of the constituent proteins in
parallel, thereby increasing overall experimental
throughput and allowing for inclusion of more frag-
mentation scans and thus increasing the number of
identified proteins from a given initial total amount
of protein sample.
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1105J Am Soc Mass Spectrom 2004, 15, 1099–1108 CONSTRUCTION OF A HYBRID QUADRUPOLE FT-ICR MSmatch 67 c and 56 z ions for N-acetylated P22943, a 12
kDa heat shock protein, with a resulting Pscore of 2.3 
1038. Eighty-three of 107 backbone peptide linkages
were cleaved to yield 11 sequence tags ranging from 3
to 14 amino acids in length, (Figure 6c). Along with a
high degree of characterization of the protein sequence,
the extensive ECD cleavage should prove invaluable for
identification of heavily-modified proteins whose frag-
ment ion masses will not match those in a database.
Hybrid MS3 with IRMPD and ECD
Unambiguous identification by means of the sequence
tag approach requires extensive backbone fragmenta-
Figure 6. (a) ESI/FT mass spectrum of an ALS
of the yeast proteome. (b) ECD MS/MS spec
component [from (a) above]. (c) Primary amin
produced by ECD.tion. IRMPD of SWIFT-isolated ubiquitin 12 ions in
the ICR cell or dissociation in the accumulation region
of quadrupole mass-selected ubiquitin 11 ions pro-
duced cleavages at 33 and 57%, respectively, of the
potential backbone sights in separate experiments (Fig-
ure 7a and c). After IRMPD, the y588 ions were SWIFT
isolated for subsequent ECD induced cleavage at 49/57
backbone sites (Figure 7b). After collisional dissociation
in the accumulation octopole, ECD for the y244 ion (2.7
kDa) gave complete sequence coverage (Figure 7d). By
comparison, ECD of intact ubiquitin typically yields
50–60% of the possible backbone cleavages with the
present instrument (no pulsed gas; data not shown).
Thus longer sequence tags are generated by first break-
E/RPLC fraction from the 10–15 kDa portion
of the 15 charge state from the 11.6 kDa
d sequence, showing with backbone cleavages-PAG
trum
o aci
1106 PATRIE ET AL. J Am Soc Mass Spectrom 2004, 15, 1099–1108ing intact proteins into smaller b/y fragments, and then
applying ECD. Such MS3 experiments are supported by
the hybrid search mode of ProSight PTM through first
compiling sequence tags, then fragment ions from MS/
MS.
Conclusions
We have constructed an electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometer
improved by a 5-segmented capacitively coupled ICR
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50 scans
(20x)
(b)
SWIFT / IRMPD
y58
8+
SWIFT / IRMPD / ECD
m/z 800700
(3x)
(c) QUAD / OCAD
20 scans
m/z 800700
(4x)
y24
4+
y24
4+
QUAD / OCAD / ECD(d)
m/z 800700
Figure 7. MSn experiments for electrosprayed
isolated 12 charge state. (b) ECD for y58
8 ion
dissociation in the accumulation octopole of q
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4 ions generated in (c).cell, selective ion accumulation with a notch-filtering
quadrupole, a voltage gradient during ion extraction
from an octopole ion trap, and an analyzer geometry to
provide for hybrid IRMPD/ECD MSn in quick succes-
sion. These diverse improvements combine to signifi-
cantly boost the overall performance of FT-ICR MS,
especially valuable for extending the throughput and
dynamic range of Top Down mass spectrometry. The
improved sensitivity, experimental speed, and versatile
ion fragmentation will drive efficient analysis of ever
more complex mixtures of ever larger biomolecules.
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1107J Am Soc Mass Spectrom 2004, 15, 1099–1108 CONSTRUCTION OF A HYBRID QUADRUPOLE FT-ICR MSFinally, the hybrid MS3 experiments, including ECD,
will improve the likelihood of correct protein assign-
ment by extension of the sequence tag approach to
top-down proteomics.
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